periodontitis, but are not always effective in eliminating disease-associated bacteria (Slots and Ting, 1999) . This is due, in part, to the tissue-invasive properties of certain subgingival bacterial pathogens. Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans, which can invade epithelial cells that line periodontal pockets (Christersson et al., 1987; Lamont et al., 1995) , and are very difficult to eliminate by scaling and root planing alone. Adjunctive systemic antimicrobial chemotherapy has been used in conjunction with mechanical debridement to enhance the elimination of these pathogens (van Winkelhoff et al., 1996) .
Azithromycin is a good choice for the elimination of periodontal pathogens due to its bioavailability and spectrum of action. Azithromycin produces high concentrations in tissues and is highly concentrated within polymorphonuclear leukocytes (Amsden, 2001) . Clarithromycin, a closely related macrolide, is actively transported by gingival fibroblasts and oral epithelial cells (Chou and Walters, 2008) . By increasing intracellular levels of these macrolides, active transport may enhance their effectiveness against invasive periodontal pathogens and sustain their therapeutic levels in the gingiva. Azithromycin is detectable in inflamed periodontal tissues for at least 14 days after systemic administration (Gomi et al., 2007) . Systemic administration of clarithromycin yields higher levels at gingivitis sites than in healthy gingiva (Burrell and Walters, 2008) . Azithromycin produces potent inhibition of A. actinomycetemcomitans and P. gingivalis (Pajukanta et al., 1992; Pajukanta, 1993; Goldstein et al., 1999) and has a low incidence of gastrointestinal toxicity. It is administered in a once-daily regimen that promotes patient compliance. Previous studies have shown that azithromycin improves clinical treatment outcomes in patients with chronic and aggressive periodontitis (Smith et al., 2002; Mascarenhas et al., 2005; Haas et al., 2008) .
Macrolide antimicrobials are effective for the treatment of bronchiectasis in cystic fibrosis and chronic bronchitis. In addition to their antimicrobial effects, macrolides appear to inhibit pro-inflammatory cytokine production when used to treat chronic inflammatory airway diseases (Giamarellos-Bourboulis, 2008) . Macrolides antagonize the production of interleukin-8 (IL-8), tumor necrosis factor-α (TNF-α), and leukotriene B 4 (LTB 4 ), which may enhance its clinical effectiveness (Tamaoki et al., 2004; Vanaudenaerde et al., 2007) . However, there have been no previous studies to determine whether macrolides inhibit the production of inflammatory mediators in gingival tissue.
Gingival crevicular fluid (GCF) is a complex mixture that includes bacterial by-products, inflammatory mediators, host-derived enzymes, and tissue-breakdown products. The rate of GCF flow is strongly correlated with histological Azithromycin Decreases Crevicular Fluid Volume and Mediator Content signs of gingival inflammation (Griffiths, 2003) . In the presence of gingivitis, GCF is expressed at a relatively high rate of flow and exhibits characteristics of an inflammatory exudate. In healthy gingiva, GCF is a transudate of gingival tissue interstitial fluid, and its flow rate is relatively low. Clinically healthy gingiva exhibits histological signs of low-level inflammation (Schroeder et al., 1973; Bosshardt and Lang, 2005) . Thus, it is feasible that drugs that produce anti-inflammatory effects in the gingiva could induce a reduction in GCF volume, even at clinically healthy sites. A previous study provided indirect evidence that systemic administration of clarithromycin reduces the rate of GCF flow (Burrell and Walters, 2008) . It is reasonable to hypothesize that azithromycin decreases the production of IL-1β, TNF-α, IL-6, IL-8, and VEGF in clinically healthy gingiva, triggering a reduction in GCF volume. It is also possible that azithromycin could increase the production of the antiinflammatory cytokine IL-10. These hypotheses were tested in the present prospective human clinical study.
MATERIAlS & METHODS

Participants
Ten healthy adult volunteers in good periodontal health were recruited from the student population of the Ohio State University College of Dentistry. Aside from localized minor facial gingival recession, these individuals exhibited no signs of clinical periodontal attachment loss. Informed consent was obtained under a protocol approved by the Institutional Review Board. Care was taken to exclude those with systemic disease, a history of a drug allergy, or a history of use of any medications in the 2 wks prior to the study. Pregnant or lactating females were also excluded. The sample size was estimated from data obtained in a previous clinical study with clarithromycin (Burrell and Walters, 2008) . Assuming a mean difference in GCF volume of 0.10 µL per 30-sec sample and an expected pooled standard deviation of 0.05, a sample size of nine provides a power of 0.800.
Study Design
In this prospective longitudinal study, each participant received a prophylaxis and oral hygiene instructions (including interproximal flossing and toothbrushing) 1 wk before the first dose of azithromycin. Participants were administered a regimen of azithromycin (500 mg on day 0, then 250 mg per day for the following 2 days) to establish steady-state antibiotic levels in gingiva. They were asked to document the times they took the medication. The Plaque Index (PI) (Silness and Löe, 1964) and the Gingival Index (GI) (Löe and Silness, 1963) were determined for each participant on study day 0 (baseline) and at every subsequent appointment. GCF samples were obtained on day 0 (before the first dose of azithromycin) and on days 2, 4, 7, and 14 after the first dose. GI and PI were recorded from 12 maxillary posterior interproximal sites. GCF samples were obtained from the same 12 maxillary interproximal sites, by means of filter paper strips (Oraflow, Inc., Smithtown, NY, USA), as previously described (Conway et al., 2000) . Briefly, the site was isolated, and the teeth and gingivae were gently air-dried to avoid contamination with saliva. We collected GCF samples by positioning paper strips at the orifice of the crevice for 30 sec. GCF sample volume was measured with a calibrated Periotron 6000 (IDE Interstate, Amityville, NY, USA). The paper strips from each participant were then pooled and stored in sealed vials in liquid nitrogen until cytokine analysis. GCF was collected only from maxillary posterior sites, because they were relatively easy to protect from salivary contamination.
Sample Preparation and Analysis
Paper strips containing the pooled GCF samples were placed in a 0.5-mL microtube that had been modified with a small-diameter perforation at its tip. The tube was placed inside a 1.5-mL microtube, and a 200-µL quantity of Hanks' balanced salt solution was added. GCF was eluted from each pool of sample strips by incubation on ice for 20 min. The samples were eluted into the bottom of the larger tube by centrifugation at 6000 × g for 1 min. A 40-µL aliquot of each sample was used for assays of cytokine content. We used a commercially available multiplex bead-based cytokine immunoassay (BioPlex, BioRad Laboratories Inc., Hercules, CA, USA) to measure the content of interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10), tumor necrosis factor-α (TNF-α), and vascular endothelial growth factor (VEGF), according to the manufacturer's directions. Results were expressed as the total amount (in picograms) recovered from each pool of 12 paper strips. The limits of detection were 0.5 pg/mL for IL-8 and VEGF, 0.8 pg/mL for IL-1β, 0.9 pg/mL for IL-10, 1.1 pg/mL for IL-6, and 3.0 pg/mL for TNF-α.
To assess the presence of periodontal pathogens, we subjected a 2-µL aliquot of each GCF sample pool to the BANA test for trypsin-like enzymatic activity produced by P. gingivalis, Treponema denticola, and Tannerella forsythensis. BANA-Zyme reagent strips were obtained from OraTec Corporation (Manassas, VA, USA) and developed at 55ºC for 5 min, following the manufacturer's directions.
blinding
To enhance objectivity and reduce delays that could potentially contribute to salivary contamination or sample evaporation, GCF samples were collected by a team that included a clinical operator, a Periotron operator, and a data recorder. The clinical operator assessed the plaque and gingival index measurements, isolated the maxillary GCF collection sites from salivary contamination, and collected GCF samples. The samples were quickly passed to the Periotron operator, who measured sample volume, confirmed that the instrument was always properly zeroed, and transferred the samples to a cooled microtube for storage. The Periotron readout was not visible to the clinical operator during sample collection, and the site of origin of the GCF sample was not visible to the Periotron operator. Only the data recorder had direct access to this information. Immunoassay of the GCF samples was conducted by a separate team. The samples were coded to blind the analysis team to sample identities and collection dates.
Statistical Analysis
Differences in PI and GI were analyzed with the Friedman repeated-measures ANOVA on ranks. GCF IL-1ß and VEGF contents, which were normally distributed, were analyzed by one-way repeated-measures ANOVA. The Holm-Sidak test was used for post hoc comparisons. GCF volume and GCF IL-8 and TNF-α contents, which were not normally distributed, were analyzed by Friedman repeated-measures ANOVA on ranks. Dunn's test was used for post hoc comparisons.
RESulTS
Study Population
The study population included six males and four females with a mean age of 30 yrs. None exhibited clinical signs of inflammation. All were compliant with the azithromycin regimen.
Effect of Azithromycin on GCF Volume
Azithromycin had a significant treatment effect on pooled GCF volume ( Fig. 1 and Table, P < 0.001). After the initiation of azithromycin therapy, a significant decrease in pooled GCF volume from baseline was observed on days 2, 4, and 7 after the first dose (P < 0.05). Over days 7-14 after the initiation of azithromycin, pooled GCF volume increased to 90% of baseline levels (difference not statistically significant from baseline). The median GI and PI values were 0 throughout the study period (Table) .
Effect of Azithromycin on GCF Cytokine and VEGF Content
IL-6 and IL-10 were not detected in GCF samples from any of the participants (data not shown). However, azithromycin treatment significantly reduced the amounts of IL-1β, IL-8, TNF-α, and VEGF recovered from pooled GCF samples (P < 0.005). Overall, the content of all 4 mediators reached their lowest levels on day 4 and increased toward baseline levels on days 7 and 14 (Figs. 2, 3) . In comparison with baseline levels, a significant decrease in GCF IL-1β content was observed on days 2, 4, 7, and 14 (Fig. 2) . VEGF content was significantly lower than baseline on days 2, 4, and 7 (Fig. 2) , while TNF-α content was significantly lower on days 4 and 7 (Fig. 3) . IL-8 content decreased from baseline levels on days 2, 4, and 7, but the difference was statistically significant only on day 4 (Fig. 3) .
DISCuSSIOn
The results of this study suggest that azithromycin produces anti-inflammatory effects in gingival tissues that appear clinically healthy. The correlation of GCF volume with severity of gingival inflammation has been well-documented in the literature (Griffiths, 2003) . Since azithromycin significantly decreased GCF flow rate at sites that were essentially plaque-free, it is likely that this effect was not strongly dependent on its antimicrobial activity. The effects occurred rapidly within 2 days of treatment, and GCF flow increased toward baseline levels as azithromycin was eliminated by the participants. Treatment with azithromycin significantly decreased the amounts of IL-1β, IL-8, TNF-α, and VEGF in GCF in a manner that paralleled its effects on GCF flow rate. The relationship between the decreases in GCF flow rate and GCF pro-inflammatory cytokine content suggests that azithromycin's effects on GCF volume could be mediated by inhibiting the production of one or more of these biological mediators.
The baseline GCF volume per strip observed in the present study (0.08 µL per 30 sec) was similar to that reported for clinically healthy individuals in a previous study (Darany et al., 1992) . Baseline levels of the pro-inflammatory cytokines IL-1β, IL-8, and TNF-α were similar to those reported in other studies of healthy humans (Zhang et al., 2002; Ren et al., 2007) . IL-1β, IL-8, and TNF-α are involved in the recruitment of inflammatory cells (Kornman et al., 1997) . CF content of these cytokines is related to the severity of gingival inflammation. The IL-1β content in GCF from severe periodontitis sites is up to two-fold higher than in samples from sites with mild to moderate disease, and it decreases significantly after scaling and root planing (Engebretson et al., 2002) . VEGF plays an important role in angiogenesis and the maintenance of periodontal health (Booth et al., 1998; Unlu et al., 2003) , and it can enhance the inflammatory response through its effects on vascular permeability. GCF VEGF content at periodontally diseased sites is greater than at healthy sites, and these levels decrease in response to periodontal therapy (Prapulla et al., 2007) .
Although anti-inflammatory effects appear to contribute to the effectiveness of macrolides in treating chronic inflammatory airway diseases (Giamarellos-Bourboulis, 2008) , the mechanisms by which macrolides inhibit production of inflammatory mediators are not fully understood. Macrolides inhibit the activation of nuclear factor-κB (NF-κB) and activator protein-1 (AP-1), which are known to regulate the expression of IL-8, IL-6, TNF-α, and IL-1β and other pro-inflammatory cytokines (Desaki et al., 2000; Kikuchi et al., 2002) . Macrolides may also inhibit mitogen-activated protein kinase (MAPK) and extracellularregulated kinase (ERK), resulting in a decrease in IL-8 production (Shinkai et al., 2006) . It is conceivable that azithromycin works through similar mechanisms to decrease the GCF content of IL-1β, IL-8, and TNF-α in GCF, but further study is needed to elucidate its effects on host cells in the gingiva.
Despite the use of a highly sensitive immunoassay, the proinflammatory cytokine IL-6 and anti-inflammatory cytokine IL-10 were not detected in any GCF samples during this study. Considering that the participants had healthy gingival tissues, this is not unexpected. IL-6, which induces B-cell maturation, regulates bone resorption, and stimulates acute-phase protein production, is involved in the later stages of the inflammatory response when B-cells increase in number (Okada and Murakami, 1998) . IL-10 stimulates B-cell proliferation and inhibits the production of many cytokines. It is likely that the levels of IL-6 and IL-10 are extremely low in the healthy gingival crevice.
These results are consistent with the hypothesis that azithromycin produces anti-inflammatory effects in gingiva. This characteristic of azithromycin, along with its antimicrobial and pharmacokinetic properties, is well-suited for the treatment of inflammatory periodontal diseases. Azithromycin is highly active against invasive periodontal pathogens and is used in a once-daily regimen that encourages patient compliance. It appears to localize in inflamed gingival tissues at levels that are significantly higher than in healthy gingiva (Burrell and Walters, 2008) . For these reasons, it would be worthwhile to consider large-scale clinical trials to evaluate the adjunctive effects of azithromycin in the treatment of aggressive, recurrent, and chronic forms of periodontitis. It may also be possible to modify the structure of azithromycin to enhance its effectiveness as an anti-inflammatory agent, analogous to modified tetracyclines. Arrows indicate the times azithromycin was administered. Data represent the mean (± SEM) recovery in samples obtained from 12 separate maxillary interproximal sites. The treatment effects on IL-8 and TNF-α content were significant (P < 0.005, Friedman repeatedmeasures ANOVA on ranks). Significant differences from baseline IL-8 content are denoted by #, and significant differences from baseline TNFα content are denoted by * (P < 0.05, Dunn's test). Pooled GCF Volume (µL) # Plaque Index Gingival Index −7 ND 0 (0 to 1) 0 (0 to 0) 0 (baseline) 1.0 (0.6 to 1.4) 0 (0 to 1) 0 (0 to 0) 2 0.5 (0.2 to 1.0) § 0 (0 to 0) 0 (0 to 0) 4 0.5 (0.4 to 0.9) § 0 (0 to 0) 0 (0 to 0) 7 0.6 (0.3 to 1.0) § 0 (0 to 0) 0 (0 to 0) 14 0.9 (0.5 to 1.8) 0 (0 to 0) 0 (0 to 0) * Data are presented as median and range observed in 10 participants. # In this column, differences in median values among the different dates are statistically significant (P < 0.001, Friedman repeated-measures ANOVA on ranks). Significant differences from baseline (P < 0.05, Dunn's test) are denoted by §.
